Open-loop resonators (OLRs) are loaded with one or two stubs to design a compact bandpass filter (BPF) with a wide stopband by creating extra transmission zeros. By properly selecting the length of the stubs and their positions, extra transmission zeros are created in the stopband before the spurious passband, thus giving wide stopbands. Mathematical analyses are performed to show the effect of open stubs on the OLR. A two-stub-loaded BPF is designed and fabricated, which shows a harmonic suppression of up to 3.2f o by creating five transmission zeros and 44% size reduction as compared with a simple OLR-based filter without stubs. Measured results are in good agreement with the theoretical analysis and simulation results.
Introduction: Several efforts have been reported to design a compact open-loop bandpass filter (BPF) having better harmonic suppression. Stubs and lumped elements are loaded to the centre of the open-loop resonators (OLRs) to suppress spurious responses in [1, 2] , respectively. However, centre loading does not lead to compactness because it has a minimum effect on the centre frequency. In [3] , coupled open stubs are introduced in OLRs to suppress the second harmonic with a size reduction of 20.3%. Spurious suppression by properly selecting the coupling regions between shorted and OLRs are reported in [4] . Also, multiple transmission zeros are created in the stopband to suppress harmonics in [5] [6] [7] . However, except [6, 7] are larger in size.
In this Letter, we present a novel application of stub(s) to design compact BPFs that have extra transmission zeros in the stopband, created due to the stubs and their positions. 
Stub(s)-loaded OLR:
The single stub-loaded OLR is shown in Fig. 1a . The input impedance looking from one open end can be written as
For resonance
Hence, the condition for resonance can be deduced from (1) as
For the desired value of frequency f o , electrical lengths θ 1 and θ 2 can be determined for a fixed value of θ s . The centre frequency of an OLR loaded with an open stub (except centre loading) shifts to a lower value compared with the simple OLR without any stub due to increase in the electrical length or increase in the capacitive loading. In addition to reducing the centre frequency, the stub and its placement create a transmission zero in the frequency response before the second harmonic, thus widening of the stopband is achieved. Moreover, the transmission zero provides better rejection close to the desired frequency. Similar to (3), the resonance condition of a two-stub-loaded OLR as shown in Fig. 1b can be written as
More lowering of the centre frequency can be achieved with respect to the single stub-loaded OLR due to more capacitive loading.
Analysis of single stub-loaded open-loop filter with 0°feeding:
The schematic of the single stub-loaded open-loop filter with a 0°feed configuration is depicted in Fig. 2 . The signal entering from the input has two paths, M 1 and M 2 , to the output as shown in Fig. 2 . Each signal path contains microstrip line sections of lengths l a , l b and l d and a coupled section of length l c .
Fig. 2 Single stub-loaded open-loop filter
The ABCD matrix of paths M 1 and M 2 can be written as
where 
the frequency of the transmission zeros can be determined. While solving (7) using Mathematica numerically, the right-hand side is replaced by a very small number, e.g. 10 −5 or smaller. Hence, at θ 1 = 34°the first two roots of (7) are the frequencies of two transmission zeros TZ 1 and TZ 2 which are due to the 0°feeding. The third root gives the frequency of transmission zero, TZ 3 , located before the second harmonic. Hence, the above analysis including a coupled line is very useful to obtain the harmonic response of the circuit compared with [1] where analysis only plots the relationship between the resonating frequency and the second harmonic. At θ 1 = 34°, the second harmonic comes after TZ 3 but at θ 1 = 22°it shifts after the fourth transmission zero, TZ 4 , and thus gives a wider separation. Hence this extra transmission zero, TZ 4 , which appears due to the position of the stub, leads to a wider stopband in the response without increasing the size of the filter.
Two-stub-loaded OLR:
The approach is further extended to achieve an even wider stopband by placing two stubs as shown in Fig. 4 . The ABCD matrix of the two paths can be written as
where M s1 and M s2 are the two-stub matrices for lengths l s1 and l s2 . Similar to the previous conclusions, two different stubs having different positions from open ends create two transmission zeros at two different positions. One more transmission zero can be achieved by the proper placement of stubs, which leads to more rejection. Use of the second stub in the design also leads to a further decrease in the size of the BPF. Further compactness can be achieved by changing the width of various parts of the OLRs. The condition, w 3 > w 2 > w 1 , shifts the centre frequency to a more lower value. bandwidth of 9%, is designed and fabricated. Equation (4) is used to design the filter. Gap, s, between the two resonators and the tapping point is calculated from the required coupling-coefficient and quality factor, respectively. The fabricated filter and the response, are shown in Fig. 5 and Fig. 6 , respectively. The response of the BPF having two stubs of different lengths is plotted in Fig. 6 Comparison: The proposed filter is 44% more compact than a second-order filter using simple OLRs or OLRs loaded with stubs or lumped elements at the centre [1, 2] . Table 1 compares the current and previous works. The first and second works consist of OLRs with uniform and non-uniform widths, respectively. 
